relaying is a promising technology for the next generation communication systems. In this paper, we aim to jointly optimize the source and relay transmit powers to maximize the energy efficiency (EE) for both amplify-and-forward (AF) and decode-and-forward (DF) FD relay systems. The considered problem is challenging, which cannot be directly addressed by the classical Dinkelbach's algorithm. We first develop an iterative algorithm based on concave-convex procedure (CCCP) to find a locally optimal solution. Furthermore, to reduce the computational complexity, we propose an efficient noniterative method that only needs to solve a single convex problem and meanwhile achieves near-optimal performance. Simulation results show that the proposed solutions can achieve superior EE performance compared to conventional schemes.
I. INTRODUCTION
Full-duplex (FD) relaying allows relays to transmit and receive signals simultaneously in the same frequency band, which can improve the spectral efficiency (SE) of the conventional half-duplex (HD) relaying [1] , [2] . A critical issue of the FD communication is the existence of self-interference (SI) [3] . A number of previous studies have focused on reducing the SI power significantly [4] - [7] , which makes the FD relay communication systems practically implementable.
On the other hand, with the rapid growing demand for energy saving, green communications have drawn a number of interests nowadays [8] - [12] . Energy efficiency (EE), defined as the ratio of system data rate to the total power consumption, has been widely used as an important performance metric in the area of green communications.
Concerning the FD relaying, the optimal source and relay transmit powers that maximize the instantaneous and average spectral efficiency (SE) of FD amplify-and-forward (AF) and decode-and-forward (DF) relaying were derived in [13] . The optimal power allocation that minimizes the end-to-end outage probability for a DF FD relay system was The associate editor coordinating the review of this manuscript and approving it for publication was Bilal Alatas . investigated under both individual and global power constraints in [14] . There have also been some works studying the EE of FD relaying. The authors of [15] studied the energy-efficient bandwidth and power allocation in FD relay systems. The EE of FD and HD AF relaying was compared in [16] . Alternatively, the EE comparison between FD and HD DF relaying was made in [17] , where the authors found that the FD relaying could outperform the HD relaying in terms of EE if the minimum SE is constrained. However, only the relay transmit power was optimized in [17] .
In this work, we consider jointly optimizing the source and relay transmit powers in order to maximize the EE for FD relay systems. To address the difficult problem, we first develop a concave-convex procedure (CCCP) based iterative algorithm to determine a locally optimal solution. Furthermore, we develop a low-complexity method to obtain highquality solutions to the source and relay transmit powers via solving only a single convex problem. The proposed algorithms apply for both AF and DF relaying protocols. As verified via simulations, the proposed methods outperform conventional ones in terms of EE performance.
The remainder of this paper is organized as follows. Section II introduces the system model and the EE maximization problem. Section III and Section IV present the proposed CCCP based iterative algorithm and the lowcomplexity non-iterative method, respectively. Simulations results are given in Section V. Finally, conclusion is provided in Section VI.
II. SYSTEM MODEL AND PROBLEM STATEMENT A. SYSTEM MODEL
In this paper, we investigate a two-hop FD relay system composed of one source, one relay, and one destination. At time slot k, the source sends a data symbol x S [k] to the relay and the destination. The signal received at the relay node can be written as
where R . Then, the relay forwards the signal based on either AF or DF protocol. With the AF protocol, the relay directly amplifies the received signal with an adjustable factor α > 0. While for the DF protocol, the relay decodes and regenerates the source transmit symbol based on the received signal which avoids the amplification of the relay noise. Thus, we obtain the relay transmit signal by
where α = p R E{|y R [k−τ ]| 2 } and τ denotes the relay processing delay.
The destination receives the signal from the relay node as well as the source node. Hence, the received signal y D [k] at the destination is given by
where h RD and h SD represent the relay-destination and source-destination channels, respectively, and z D [k] is the AWGN at the destination with zero mean and variance σ 2 D . Define the channel signal-to-noise ratios (SNRs) by γ SR
Thus, the signal-to-interference-and-noise ratios (SINRs) of the two hops can be expressed as
where γ SR p S and γ RD p R are the powers of the desired signals, γ RR p R represents the power of the residual SI, and γ SD p S is the power of the interference at the destination.
With the above expressions, the end-to-end SINR of the FD relay system can be obtained as
where SINR 1 and SINR 2 are given in (4) . Therefore, the SE of the considered FD relay system is given by
Furthermore, the system EE, defined as the ratio of the system data rate to the total power consumption, is expressed by
where ρ is the power amplifier efficiency and P C represents the circuit power.
B. PROBLEM FORMULATION
In this paper, we consider maximizing the end-to-end EE over the transmit powers of the source and the relay. We impose both source and relay power constraints and also include a minimum SE constraint to guarantee the SE performance.
The corresponding problem is formulated as
where P S and P R stand for the maximum allowable transmit powers of the source and the relay, respectively, is the minimum required SE, and SINR is shown in (5) .
Problem (8) belongs to fractional programming, but it cannot be readily solved via the popular Dinkelbach's algorithm [18] since the parametric program corresponding to problem (8) is a non-convex problem whose globally optimally solution is hard to be obtained. Therefore, in the following, we develop alternative efficient methods to solve problem (8) for both AF and DF protocols.
III. EE BASED JOINT SOURCE AND RELAY POWER OPTIMIZATION
In this section, we develop an iterative algorithm based on the CCCP [19] to find a locally optimal solution to problem (8) for both AF and DF relaying.
For the AF protocol, we first introduce two auxiliary variables t and u to obtain an equivalent form of problem (8) in the following proposition. Proposition 1: The problem in (8) for the AF relaying can be recast as
where C 1 (p S , p R ) represents the SINR for the AF protocol, which is shown in (10) 
According to (11) , we convert problem (9) to
where C 2 (p S ,p R ) is shown in (13) at the top of this page. By exploiting the fact that e˜t is an monotonically increasing function and performing some manipulations on the constraints, we rewrite problem (12) by
where C 3 (p S ,p R ) is shown in (15) at the bottom of this page.
Problem (14) is still non-convex due to the fact that the right-hand side of the first constraint is not concave with respect toũ. Nevertheless, we find that it can be solved via the CCCP.
Specifically, in the i-th iteration, we replace log 2 (1 + eũ) by its first-order Taylor expansion which is written as
whereũ (i−1) denotes the optimal solution toũ achieved in the (i − 1)-th iteration. Thus, we obtain the following convex problem:
Owing to the convexity of the problem in (17), we can determine its globally optimal solution (p * S ,p * R ,t * ,ũ * ) via, e.g., the interior point method [20] . We then updateũ (i) =ũ * and continue with the next iteration. The above procedure is repeated until convergence is reached. Finally, the optimal source and relay transmit powers can be calculated by p * S = ep * S and p * R = ep * R . The proposed iterative algorithm is summarized in Algorithm 1. According to [21] , this algorithm
can find a locally optimal solution to problem (8) . Moreover, we find through simulations that Algorithm 1 typically converges in about 4 iterations.
Algorithm 1 Proposed Iterative Algorithm for AF Relaying 1: Initialization: set initial pointũ (0) , iteration index i = 1, and convergence accuracy . 2: repeat 3: Solve the optimization problem in (17) . 4: Updateũ (i) =ũ * .
5:
Set i = i + 1. 6: until convergence. 
B. EE OPTIMIZATION FOR FD DF RELAYING
For the DF protocol, we also introduce two auxiliary variables t and u as in the AF relay case. Then, we acquire an equivalent problem in the following proposition which is more complicated than that in Proposition 1 due to the change of the SINR. Proposition 2: For the DF protocol, the problem in (8) can be recast as
Proof: See Appendix B. Similarly to the AF relay case, we can solve problem (18) via the CCCP, where the convex problem to be solved in the i-th iteration is given by
The corresponding CCCP based iterative algorithm is summarized in Algorithm 2 which returns a locally optimal solution to problem (8) .
Algorithm 2 Proposed Iterative Algorithm for DF Relaying 1: Initialization: set initial pointũ (0) , iteration index i = 1, and convergence accuracy . 2: repeat 3: Solve the optimization problem in (19) . 4: Updateũ (i) =ũ * .
5:
Set i = i + 1. 
IV. NON-ITERATIVE APPROACH FOR EE BASED POWER OPTIMIZATION
In the previous section, an iterative method was proposed to address the EE maximization problem, which requires solving one convex problem iteratively. In the sequel, we develop a non-iterative method in order to reduce the complexity. Let us consider the following problem which neglects the constant 1 in the numerator of the objective function of problem (8):
Clearly, the objective function of problem (20) is a lower bound to that of problem (8) , which is tight when the SINR is relatively high. Now we study the above optimization problem for both AF and DF protocols.
A. NON-ITERATIVE POWER OPTIMIZATION FOR FD AF RELAYING
Similarly as Section III-A, we introduce two auxiliary variables t and u to obtain the subsequent problem:
Then, we employ (11) to transform problem (21) into the following equivalent form:
Different from problem (14), this problem is already convex whose globally optimal solution (p * S ,p * R ,t * ,ũ * ) can be determined via the interior point method. Hence, we achieve a low complexity solution by avoiding the iterative procedure in Algorithm 1. The optimized source and relay transmit powers are calculated by p * S = ep * S and p * R = ep * R .
B. NON-ITERATIVE POWER OPTIMIZATION FOR FD DF RELAYING
For the DF protocol, we can also convert problem (20) to the following convex form:
After solving problem (23), we achieve the optimal solution to (p * S ,p * R ). Then, we obtain the optimized source and relay transmit powers for the DF protocol by p * S = ep * S and p * R = ep * R , respectively. In the above, we have developed a low-complexity solution to the EE optimization problem in (20) for both AF and DF protocols which only needs to solve one convex optimization problem. Note that, although we neglect the constant 1 in the SE expression, the performance degradation caused by such approximation is minor, as will be validated via simulations in the next section. 
V. SIMULATIONS RESULTS
We conduct simulations to evaluate the performance of the proposed EE based joint transmit power optimization methods for FD relaying, i.e., the CCCP based iterative algorithm (''FD EE Opt'') and the non-iterative method (''FD EE Subopt''). Apart from the two proposed approaches, we also consider the following three methods as performance benchmarks: 1) exhaustive search based EE optimal solution for FD relaying (''FD EE exhaustive search''); 2) SE based joint transmit power optimization for FD relaying (''FD SE Opt''); 3) EE based joint transmit power optimization for HD relaying (''HD EE Opt''). Note that ''FD SE Opt'' and ''HD EE Opt'' are obtained with the similar procedure as ''FD EE Opt''.
The EE of various methods versus the SI channel SNR γ RR is shown in Fig. 1 . It is observed that when γ RR gets larger, the performance of FD relaying degrades due to the increasing SI power. Moreover, the performance gap between ''FD EE Opt'' and ''FD EE Subopt'' is minor and they both perform much better than ''FD SE Opt''. Compared to ''HD EE Opt'', both proposed methods achieve higher EE particularly when γ RR is relatively low. In addition, ''FD EE Opt'' performs quite close to the globally optimal solution achieved by the exhaustive search. Fig. 2 illustrates the EE performance versus the minimum required SE . It can be found that, as increases, the EE of both proposed methods degrades since more transmit power is required to satisfy the SE performance. Nevertheless, the proposed methods still outperform ''FD SE Opt'' evidently.
In Fig. 3 , we show the EE of different methods versus the power amplifier efficiency ρ. It can be seen that, as ρ increases, the EE of all the methods gets higher as expected. Moreover, the performance gain of ''FD EE Opt'' over ''FD SE Opt'' becomes larger with the increasing of ρ.
The EE of various schemes versus circuit power P C is shown in Fig. 4 . It can be seen that the EE performance of different methods degrades with the increasing of P C , particularly for ''FD EE Opt'' and ''FD EE Subopt''. ''FD SE Opt'' is not sensitive to the value of P C since the optimal transmit powers are irrelevant to the circuit power. Moreover, similarly as before, the performance advantage of ''FD EE Opt'' over ''FD SE Opt'' for both AF and DF protocols can be clearly observed in Fig. 4 .
VI. CONCLUSION
In this paper, we maximized the EE for both AF and DF FD relay systems by jointly optimizing the source and relay transmit powers. The challenging EE optimization problem was first addressed by the CCCP based iterative algorithm. Furthermore, an alternative non-iterative algorithm was developed to reduce the computational complexity, which only needs to solve a single convex problem. Simulation results validate the EE performance advantage of the proposed methods.
APPENDIX A PROOF OF PROPOSITION 1
To prove problems (8) and (9) are equivalent, we only need to show that the first two constraints in problem (9) must be active at optimality. We complete the proof by contradiction. Assume that an optimal solution of problem in (9) is (p * S , p * R , t * , u * ), and at least one of the first two inequalities is inactive at optimality. However, we can always find another feasible solution such that the two inequalities constraints become active while the objective value of problem (9), i.e., t, increases. Specifically, consider the following three cases:
We can first increase u * such that u * = C 1 (p S , p R ) and then increase t * such that t * = log 2 (1+u * )
We can increase t * such that t * = log 2 (1+u * )
Similar to Case 1, we can first increase u * such that u * = C 1 (p S , p R ) and then increase t * such that t * = log 2 (1+u * )
Hence, it can be concluded that the assumption does not hold and the optimal solution satisfies t * = log 2 (1 + u * )
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